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DOI: 10.1039/c004046kHere we present a novel surface modification method based on the sequential layer-by-layer deposition
of polyelectrolytes yielding hydrophilic microchannels in PDMS-based microfluidic devices. The
coatings are long-term stable and allow for the generation of monodisperse oil-in-water microdroplets
even several months after the channel surface treatment. Due to the robustness of the polyelectrolyte
multilayers ultra-high flow rates can be applied, making high-throughput droplet formation in the
jetting mode possible. Furthermore, we successfully used our method to selectively modify the surface
properties in certain areas of assembled microchannels. The resulting partially hydrophilic, partially
hydrophobic microfluidic devices allow for the production of monodisperse water-in-oil-in-water
double emulsions.Introduction
Poly(dimethylsiloxane) (PDMS) has become one of the most
commonly used materials in microfluidic device fabrication.1
Compared to silicon and glass devices, PDMS-based chips can be
manufactured much faster, easier and cheaper by means of soft
lithography.2 Furthermore, PDMS can be cured at low temper-
ature, is optically transparent, biologically inert, non-toxic and
non-flammable as well as permeable to gases. It also seals with
numerous other materials enabling the fabrication of hybrid
microfluidic devices.3 However, due to its hydrophobicity PDMS
encounters significant limitations when stable oil-in-water (o/w)
emulsions are to be produced. The microchannel surface must be
turned hydrophilic to assure an effective wetting of the channel
walls by the continuous aqueous solution. The various surface
modification methods3,4 found in literature have significant
drawbacks:
(i) Ionic wetting agents can be added to the aqueous phase for
a dynamic surface modification.5 However, they also influence
droplet formation and stability and can have unfavorable inter-
actions with other surface active compounds present in the
system.
(ii) Oxidation of the PDMS surface, for example by oxygen
plasma,6 only leads to temporarily hydrophilic surfaces as PDMS
regains its original surface properties over time.7 Storage of the
oxidized devices in a high-surface-energy medium like water can
postpone this hydrophobic recovery, but it inevitably sets in as
soon as the surface is exposed to a low-surface-energy medium
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1814 | Lab Chip, 2010, 10, 1814–1819(iii) Chemical vapour deposition can create permanent coat-
ings,9 but is limited to non-assembled chips as unhindered access
of the vapour to the substrate is mandatory. Device fusion,
typically involving plasma oxidation, can destroy the coating
afterwards.
(iv) Covalent surface modification via graft photo-
polymerization10 can be challenging in assembled PDMS chan-
nels as the reaction tends to occur in the channel lumen rather
than at the walls. Allbritton et al.11 solved this problem by pre-
adsorption of a photoinitiator prior to polymerization. However,
both the photoinitiator and the monomer solution are manually
injected into the chip, and multiple washings are required,
making the procedure rather elaborate.
(v) Weitz et al.12 use sol–gel methods to modify PDMS
permanently with a glass coating, which is robust against organic
solvents and can be tailored in its properties. But coating
thicknesses of up to 10 mm strongly distort channel dimensions
and interfere with complex device geometries. Besides, a reaction
time in the range of a few seconds for the key gelation reaction
makes the procedure rather delicate to handle.
(vi) Layer-by-layer (LbL) deposition of positively and nega-
tively charged species onto a substrate, a technique introduced by
Decher et al.,13 has been successfully used to modify the inner
surface of capillaries and microchannels.14 This method usually
follows straightforward protocols and offers an immense versa-
tility. However, existing procedures involve the manual injection
and removal of solutions both for layer formation and washing
steps. Furthermore, deposition times are typically in the range of
several minutes per layer, which makes the throughput rate for
PDMS chip modification relatively low.
Results and discussion
We developed the LbL approach further and invented a largely
automated method producing long-term stable hydrophilic
coatings onto PDMS microchannels (Fig. 1). In Fig. 1(a) the
schematics of the process are shown: the key feature is the
loading of a piece of tubing with solution segments, all separatedThis journal is ª The Royal Society of Chemistry 2010
Fig. 1 (a) Schematic of the LbL surface modification of a PDMS
microchannel. Segments of NaCl, PAH and PSS solutions, separated by
air plugs, are loaded into a piece of tubing and sequentially flushed through
the channel at a constant flow rate. (b) Schematic of a PEM building up at
the channel wall. (c) Fluorescence micrograph of four microchannels
modified with different solution sequences (0 # n # 3). The fluorescence
intensity rises with increasing n. Scale bar denotes 100 mm.
Fig. 2 Production of hexadecane-in-water droplets using a modified
device after more than 5 months of storage. Micrographs of (a) the stable
formation of droplets and (b) their passage through the chip prove that
the channel walls are still hydrophilic. (c) This micrograph depicts the
hexagonal close-packed monolayer adopted by the droplets in a storage
device. (d) The diameter distribution shows a high level of droplet
monodispersity. Scale bars denote (a) 100 mm, (b) 200 mm and (c) 100 mm.by air plugs.15 A syringe is used to draw into the tube alternately
segments of poly(allylamine hydrochloride) (PAH) and poly-
(sodium 4-styrenesulfonate) (PSS) solutions (both 0.1% w/v in
0.5 M aqueous NaCl solution) with aqueous NaCl washing
solution (0.1 M) segments in between. This concept is very
versatile and allows for a fine-tuning of the channel surface
properties since all imaginable combinations of solutions can be
applied. The loading of the tubing with the desired number of
segments is the only task within the procedure which is carried
out manually, but 10 segments can easily be drawn in within five
minutes. Subsequently, the tubing is connected to the micro-
fluidic chip directly after plasma treatment and assembly, when
the channel walls are still hydrophilic. Using a syringe pump the
segments successively enter the microchannel, flush it and are
blown out again by the following air plug. The residence time of
each solution inside the microchannel can be precisely adjusted
by the flow rate and the length of the respective segment.
Following existing LbL surface coating protocols13,14 we ensured
an absorption time for the polyelectrolytes of several minutes per
layer. The final washing step is performed with deionized water
(DIW) in order to remove traces of salt from the channel walls.
Fig. 1(b) shows schematically the polyelectrolyte multilayer
(PEM) that self-assembles at the channel wall. The first PAH
solution segment enters the channel when negative charges
created during the plasma treatment are still present at the
PDMS surface and a layer of the positively charged poly-
electrolyte is deposited. The overcompensation13 of the surface
charge by the incoming PAH layer leads to a positively charged
surface after this step. PAH polycations that are not firmly
bound to the channel wall are removed by the following NaCl
solution segment. The PSS polyanions flushed through the
channel in the subsequent plug can deposit onto the PAH layer
causing again an overcompensation of the charge and anotherThis journal is ª The Royal Society of Chemistry 2010sign reversal at the interface. After rinsing the channel with
washing solution the next PAH layer can be applied and so on.
We analyzed the resultant coating via fluorescence microscopy
using a solution of fluorescently labeled PAH (0.1% w/v in 0.5 M
aqueous NaCl solution). The micrograph in Fig. 1(c) shows the
central part of a microfluidic chip with both bottom and top
surface made of PDMS. Four microchannels were independently
modified applying our plug-based method. Different solution
sequences with varying numbers n of PAH segments (0 # n # 3)
were flushed through the channels at a constant flow rate of
50 mL h1. The fluorescence analysis revealed that for the nega-
tive control (n ¼ 0) no measurable fluorescence signal above
background could be detected while for the other channels an
increase in fluorescence intensity with increasing n was observed.
These results show that our method is not only convenient and
time-saving, but that the process of gradual multilayer assembly
is also well-controlled.Long-term stability of the hydrophilic coating
Having established our surface modification technique we tested
the durability of the applied hydrophilic coatings. Microfluidic
devices coated with a PAH–PSS–PAH–PSS PEM were kept at
room temperature (rt) in ambient air. After different storage
times we used these devices for the production of hexadecane
droplets in DIW containing 0.5% w/w of the surfactant sodium
dodecylsulfate (SDS). Lowering the interfacial tension between
oil and water this compound promotes a smooth droplet
formation and increases droplet stability against coalescence.Lab Chip, 2010, 10, 1814–1819 | 1815
Fig. 3 High-throughput production of hexadecane-in-water droplets by
regularized jet breakup. Micrographs of (a) the formation of droplets andFig. 2 refers only to the longest storage time of more than
5 months between surface modification and droplet formation,
but the results agree entirely with the other experiments in this
experimental study.
In Fig. 2(a) the stable formation of uniform droplets occurring
at a frequency of 170 Hz at the flow-focusing region16 is depicted.
The flow rates of hexadecane and DIW were 50 mL h1 and
150 mL h1, respectively. During the observation period of 90 min
no signs of degradation in hydrophilic surface properties were
detected. The droplets travelled through the device without
difficulty or wetting the walls (Fig. 2(b)).
A small amount (ca. 5 mL) of the emulsion was collected and
injected into a storage device. Fig. 2(c) shows a micrograph of the
hexagonal close-packed monolayer of droplets assembled inside
the reservoir. To quantify the monodispersity of the droplets we
determined the diameter distribution of 1463 droplets, as shown
in Fig. 2(d). Droplets have a mean diameter of 51.7 mm with
a standard deviation of 0.8 mm (about 1.5%).
In this series of experiments we demonstrated that our method
yields hydrophilic channel coatings exhibiting a remarkable long-
term stability. Modified devices can be kept in stock over months
and still allow for the production of monodisperse emulsions in
a highly reproducible manner.(b) the passage of droplets through the chip without any wetting defects.
(c) This micrograph shows the hexagonal close-packed monolayer
adopted by the produced droplets in a storage reservoir. (d) The diameter
distribution reveals a very high level of droplet monodispersity. Scale
bars denote (a) 100 mm, (b) 200 mm and (c) 50 mm.High-throughput production of o/w microdroplets
In order to evaluate the robustness of coatings deposited via our
method we performed an endurance test, i.e. the high-throughput
production of large emulsion volumes. However, with increasing
flow rates of the continuous and the dispersed phase in a co-
flowing system and, hence increasing capillary number, the
formation of droplets shifts from the dripping mode towards
jetting. This transition has been studied extensively.17 Within the
jetting regime droplet generation does no longer occur at the
flow-focusing region, but the jet breaks up further downstream
due to the Rayleigh–Plateau instability.18 We built a microfluidic
device exhibiting a wide cavity after the flow-focussing region
and modified the microchannel with a PAH–PSS–PAH–PSS
PEM. This design19 reportedly regularizes the jet breakup as
perturbations of the flow field inside the chamber caused by
droplets passing through the small exit channel feed back to the
jet. In order to prevent leakage at high flow rates we glued the
tubing in the channel using PDMS. To ensure complete curing,
the device was kept at rt for one day prior to experiment; this
would have been impossible without a long-term stable coating
preserving the hydrophilic surface properties over time.
In the microfluidic experiment (Fig. 3) we used again hex-
adecane as dispersed phase and DIW containing 0.5% w/w SDS
as continuous phase. Fig. 3(a) shows the formation of droplets at
an oil flow rate of 1000 mL h1 and a DIW flow rate of 4500 mL
h1 by controlled jet breakup in the cavity. The droplet genera-
tion frequency was 13.5 kHz. Without any wetting problems the
hexadecane droplets proceeded smoothly through the whole chip
(Fig. 3(b)).
Parts of the collected emulsion sample were injected into
a storage device. Fig. 3(c) shows the droplets assembled into
a hexagonal close-packed monolayer. The droplet diameter
distribution of 1020 droplets, given in Fig. 3(d), is extremely
narrow and yields a mean value of 35.8 mm. As the standard1816 | Lab Chip, 2010, 10, 1814–1819deviation of 0.3 mm is below 1% of the mean diameter the
droplets can be considered highly monodisperse.
These results prove that our surface modification method is
suitable for high-throughput droplet formation as it produces
very robust hydrophilic coatings which can withstand even
extremely high flow rates. Those operating conditions are
desirable as large volumes of highly monodisperse droplets are of
great importance, especially for the formation of polymer
particles.20Production of w/o/w double emulsions
Having successfully used our LbL deposition technique for the
production of o/w microdroplets we addressed the fabrication of
more complex devices that can generate double emulsions.21,22
Especially w/o/w double emulsions are highly attractive systems
as they have great potential for applications, for instance as
potential delivery systems for pharmacological compounds.23 As
traditional bulk preparation methods24 usually yield w/o/w
droplets with a broad size distribution a microfluidic approach is
advantageous when monodisperse double emulsions are
required. This is not trivial as two droplet production processes
have to be precisely controlled. In order to engulf a defined
number of small water droplets into the bigger oil droplets both
formation frequencies have to be synchronized. This is done best
when performing both processes on a single microfluidic chip.
However, when using PDMS-based devices the wettability of the
channel surface poses another challenge. For the formation of
the inner water droplets the channel wall must be hydrophobicThis journal is ª The Royal Society of Chemistry 2010
whereas the production of the outer oil droplets demands
hydrophilic surface properties. Hence, the surface energy of the
microchannel has to be patterned. Abate and Weitz25 used
photolithographic techniques to realize alternating wettability
profiles inside their microchannels and produced multiple
emulsion with high precision.
We followed another approach and used our simple and
convenient LbL deposition technique to selectively apply
a hydrophilic channel coating in certain areas of the microfluidic
device (Fig. 4). In Fig. 4(a) a schematic diagram of the chip
capable of forming double emulsions is presented. The micro-
channel comprises an upper, narrow part (50 mm wide channels)
and a lower, wider part (200 mm wide channels). Those sections
meet at the second flow-focusing region, where the enclosure of
the small water in the bigger oil droplets and hence the wetta-
bility reversal has to occur. In order to produce stable w/o/w
double emulsions the lower part must be turned hydrophilic
selectively over the lower one. Directly after device assembly we
injected a polyelectrolyte sequence containing FITC labeled
PAH in inlet D and flushed it through the lower part of the chip
at a constant flow rate of 50 mL h1. Simultaneously we blocked
the upper part of the device by streaming DIW through inlet B at
100 mL h1. Inlet C was closed during the modification process
while A was used as an outlet.
By means of fluorescence microscopy we analyzed the micro-
fluidic device after this hydrophilic treatment. Fig. 4(b) and (c)Fig. 4 Selective hydrophilic surface coating of certain parts of the
microchannel. (a) Schematic of the microfluidic device used for the
generation of w/o/w double emulsions. For hydrophilic surface treatment
a polyelectrolyte sequence was flushed through inlet D, while DIW was
injected through inlet B. Inlet C was blocked and A was used as an outlet.
(b and c) Bright field micrographs of the microfluidic device after
hydrophilic surface treatment. (d and e) Corresponding fluorescence
micrographs of the microfluidic device after hydrophilic surface treat-
ment. Only the lower part of the microchannel was coated with a fluo-
rescent PEM. No deposition occurred within the upper part. Scale bars
denote (a) 2 mm, (b) 750 mm, (c) 150 mm, (d) 750 mm and (e) 150 mm.
This journal is ª The Royal Society of Chemistry 2010show bright field micrographs of the area around the second
flow-focusing region. The corresponding fluorescence micro-
graphs in Fig. 4(d) and (e) reveal that only in the designated
lower part of the microchannel a fluorescent PAH–PSS–PAH–
PSS PEM was deposited. In contrast, the absence of a fluores-
cence signal in the upper part of the chip proves that no LbL
coating took place there. The boundary between the modified
and the non-modified channel section can be located exactly at
the second flow-focusing region. These results demonstrate that
following our LbL surface modification method we are able to
partially coat the microchannel wall with a hydrophilic PEM in
a precise and spatially defined manner. No lithographic tools are
needed, a flow pattern is transferred instead. It should be pointed
out that our partial surface modification technique is very robust
for the geometries tested here, but more complicated channel
designs, e.g. chips with multiple flow-focusing junctions, might
prove challenging.
In a second surface modification step we produced a defined
hydrophobic surface in the upper part of the microchannel.
Again we used flow patterning to achieve a partial coating. In
a reversed setup compared to the hydrophilic modification step
we slowly injected the commercial water repellent agent Aquapel
through inlet B at 20 mL h1. A stream of air was blown in the
channel through inlet D at 5000 mL h1 to prevent Aquapel from
interfering with the PEM deposited in the lower part of the chip.
While inlet C was blocked during this process A was used as an
outlet.
Subsequently, we used the resultant partially hydrophilic,
partially hydrophobic device for the production of a w/o/w
double emulsion (Fig. 5). DIW containing 0.5% w/w SDS was
injected as the outermost phase through inlet A at 1500 mL h1.
Through inlet B we flushed the fluorous oil FC-40 containing
2.0% w/w EA surfactant26 at a flow rate of 200 mL h1. Pure DIW
was used as the innermost phase and applied through inlet C at
150 mL h1. In Fig. 5(a) and (b) the formation of the double
emulsion is depicted. DIW-in-oil droplets formed at the first
flow-focusing region travel smoothly through the upper part of
the channel. The microchannel wall is wetted by the fluorous oil
indicating that the Aquapel treatment was successful. At the
second flow-focusing region every DIW droplet is enclosed in
a larger oil droplet. No oil droplet stays empty since both droplet
formation steps proceed at exactly the same frequency of 130 Hz.
The double emulsion droplets proceed through the lower part of
the microchannel without any wetting problems. During the
whole observation period of 90 min no signs of degradation in
hydrophilic surface properties occurred.
The resultant double emulsion was extruded through outlet D
and collected for 30 min. A small fraction of ca. 5 mL was injected
into a storage device. Fig. 5(c) shows a micrograph of the
hexagonal close-packed monolayer adopted by the double
emulsion droplets inside the reservoir. The droplet diameter
distribution of 1107 droplets, shown in Fig. 5(d), is extremely
narrow for both the inner water and the outer oil droplets and
yields mean values of 84.6 mm and 109.4 mm, respectively. The
standard deviations, 0.8 mm for the inner and 1.0 mm for the
outer droplets, are below 1% of the corresponding average
diameter, proving the high level of monodispersity in both cases.
In this experimental study we showed that our LbL surface
deposition technique is not limited to simply turning a completeLab Chip, 2010, 10, 1814–1819 | 1817
Fig. 5 Production of a w/o/w double emulsion using a partially hydro-
philic, partially hydrophobic device. (a and b) Micrographs of the stable
enclosing of the small water droplets in the bigger oil droplets. (c) This
micrograph depicts the hexagonal close-packed monolayer adopted by
the w/o/w emulsion in a storage device. (d) The diameter distribution
shows a high level of droplet monodispersity both for the inner and the
outer droplets. Scale bars denote (a) 500 mm, (b) 200 mm and (c) 200 mm.microchannel hydrophilic. In contrast, it is possible to precisely
pattern the surface energy within assembled channels. One
application is the fabrication of semi-hydrophilic, semi-hydro-
phobic microfluidic devices capable of producing highly mono-
disperse w/o/w double emulsions.Experimental
Device fabrication
Microfluidic devices were fabricated by conventional soft litho-
graphic techniques.2 Different microchannel architectures were
designed with AutoCAD (AutoDesk) and transferred to high-
resolution photomasks fabricated on transparencies (Circuit
Graphics). The negative photoresist SU-8 2025 (MicroChem)
was spin-coated onto 3 inch silicon wafers (Compart Tech-
nology) and patterned using a MJB4 mask aligner (S€uss
MicroTec). Development was accomplished by immersion into
1-methoxy-2-propyl acetate (Sigma-Aldrich).
A commercially available Sylgard 184 PDMS kit (Dow
Corning), containing the pre-polymer and a cross-linker, was
used in the recommended ratio of 10 : 1 w/w. The mixture was
poured on top of the patterned silicon wafers and degassed. After
curing at 80 C for 10 h the PDMS cast was cut and peeled off the
wafers. Inlets and outlets were stamped out using a biopsy punch
(Kai Industries) with an outer diameter of 1 mm. The1818 | Lab Chip, 2010, 10, 1814–1819microfluidic devices were assembled by joining the PDMS cast
and either a glass slide or a flat sheet of cured PDMS stripped off
a blank wafer. Bonding strength was provided by pre-treating
both contact surfaces with oxygen plasma for 8 s in a Femto
plasma cleaner (Diener electronic).
Storage devices were fabricated following the same process.
Instead of patterned wafers microscope cover slips glued onto
glass slides were used as casting molds.
Surface modification
Hydrophilic channel coatings were produced by LbL PEM
deposition onto the microchannel surface directly after device
assembly. Solutions of NaCl (AnalaR) in DIW (0.1 M) as well as
of PAH (Mwz 56 000, Sigma-Aldrich) and PSS (Mwz 70 000,
Sigma-Aldrich), both 0.1% w/v in 0.5 M aqueous NaCl solution,
were prepared. In the case of subsequent fluorescence measure-
ments PAH labelled with FITC fluorescence dye (Mwz 56 000,
PAH : FITCz 50 : 1, Sigma-Aldrich) was used instead of pure
PAH. A piece of PE tubing (Becton Dickinson) was loaded with
a sequence of 5 cm long polyelectrolyte segments (alternatingly
PAH and PSS) with 2.5 cm long NaCl segments in between. All
solution segments were separated from each other by 1 cm long
air plugs. Using a PHD 2000 syringe pump (Harvard Apparatus)
the whole sequence was sequentially flushed through the
respective microchannel at a constant flow rate of 50 mL h1. For
a partial hydrophilic surface modification the LbL coating of
certain areas of a microchannel was prevented by simultaneous
injection of DIW into the device through a suitable inlet at a flow
rate of 100 mL h1.
A partial hydrophobic surface treatment was accomplished by
slowly introducing the commercially available water repellent
agent Aquapel (PPG Industries) into the assembled microchannel
at 20 mL h1. Channel regions which should not be coated were
blocked by an air stream with a flow rate of 5000 mL h1. After
filling the designated part of the microchannel with Aquapel it was
blown out again by the air stream.
Microfluidic experiments
In o/w droplet formation experiments hexadecane (Fluka) was
used as dispersed phase and DIW containing 0.5% w/w SDS
(Sigma-Aldrich) as continuous phase. For w/o/w double emul-
sions DIW was applied as the innermost phase, FC-40 (Sigma-
Aldrich) containing 2.0% w/w of EA surfactant26 as the middle
phase and DIW containing 0.5% w/w SDS as the outermost
phase.
All liquids were injected into microfluidic devices via PE tubes
(Becton Dickinson). For high-throughput o/w droplet formation
experiments the tubing was glued into the device. A 5 : 1 w/w
mixture of PDMS pre-polymer and its cross-linker (Dow Corn-
ing) was pre-cured for 10 min at 80 C, applied and completely
cured at rt for one day. In all microfluidic experiments PHD 2000
syringe pumps (Harvard Apparatus) were used to inject liquids at
constant flow rates between 50 mL h1 and 4500 mL h1.
Data acquisition and analysis
Droplet formation on-chip as well as emulsion samples inside
storage devices were imaged using a monochrome Phantom v7.2This journal is ª The Royal Society of Chemistry 2010
camera (Vision Research) attached to an IX71 inverted micro-
scope (Olympus). The frequency of droplet formation and the
droplet diameter distribution were calculated using LabVIEW
8.2 (National Instruments).
Fluorescence micrographs were obtained using a blue LED
(Thorlabs) emitting at a wavelength of 470 nm as a light source
and an EMCCD iXonEM+ DU 897 camera (Andor Tech-
nology) coupled with an IX71 inverted optical microscope
(Olympus) for detection.Conclusions
In summary, we developed a largely automated LbL surface
modification method yielding hydrophilic microchannels in
PDMS-based devices, which outperforms existing techniques in
terms of rapidness and convenience. We are able to produce
long-term stable hydrophilic coatings allowing for the produc-
tion of monodisperse o/w droplets even months after the modi-
fication step. Furthermore, we successfully used our method for
high-throughput droplet generation at flow rates of several mL
h1. By introducing a wide cavity into the microchannel we
regularized the jet breakup and obtained highly monodisperse
o/w droplets. We also used our LbL deposition technique to
transfer a flow pattern onto the microchannel surface. In
combination with a subsequent hydrophobic surface treatment
step we obtained partially hydrophilic, partially hydrophobic
microfluidic devices which we used for the production of
monodisperse w/o/w double emulsions.Acknowledgements
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